Objectives This study examined the protective effect of salubrinal and the mechanism underlying this protection against tunicamycin (TM)-and hypoxia-induced apoptosis in rat cardiomyocytes. Methods Neonatal rat cardiomyocytes were cultured from the ventricles of 1-day-old Wistar rats. Cells were exposed to different concentrations of salubrinal (10, 20, and 40 μmol/L) for 30 min followed by TM treatment or hypoxia for 36 h. Apoptosis was measured by a multiparameter HCS (high content screening) apoptosis assay, TUNEL assay and flow cytometry. The phosphorylation of eukaryotic translation initiation factor 2 subunit alpha (eIF2α) and the expression of cleaved caspase-12 were determined by Western blotting. C/EBP homologous protein (CHOP) was detected by immunocytochemistry. Results HCS, TUNEL assays and flow cytometry showed that salubrinal protected cardiomyocytes against apoptosis induced by TM or hypoxia. Western blotting showed that salubrinal protected cardiomyocytes against apoptosis by inducing eIF2α phosphorylation and down-regulating the expression of the endoplasmic reticulum stress-mediated apoptotic proteins, CHOP and cleaved caspase-12. Conclusions Our study suggests that salubrinal protects rat cardiomyocytes against TM-or hypoxia-associated apoptosis via a mechanism involving the inhibition of ER stress-mediated apoptosis.
Introduction
Cardiovascular disease is one of the leading causes of death worldwide. Hypoxia is generally associated with cardiovascular diseases, and it elicits a variety of functional responses in cardiomyocytes, including cell proliferation, cell hypertrophy and cell death. [1, 2] Hypoxia can induce cell death by increasing Ca 2+ or the production of free radicals.
However, various therapies that target free radicals or maintain intracellular Ca 2+ homeostasis have little effect on hypoxia. [3] Thus, the development of new drugs and the discovery of novel mechanisms for treating hypoxia-induced injury are required. Evidence obtained in recent years has demonstrated that endoplasmic reticulum stress (ERS)-mediated cell apoptosis plays an important role in cardiac hypoxia injury. [4] Therefore, targeting ERS may provide a therapeutic approach for blocking the pathological process induced by heart hypoxia. The ER is a cellular organelle that directs the folding of secretory membrane proteins. [5] Tunicamycin (TM) is an ER glycosylation inhibitor that impairs the synthesis of proteins in the ER. Similar to TM treatment, hypoxia injury also impairs key ER functions. [6] Both can activate the evolutionarily conserved unfolded protein response (UPR), which adapts efficiently to changes in the cellular environment to promote the expression of gene products that enhance protein folding within the ER and the ER-mediated removal of misfolded proteins. [7−9] However, prolonged ER stress triggers cell apoptosis. [10, 11] ERS-induced cell death has been shown to involve the activation of caspase-12 and C/EBP homologous protein (CHOP). [12, 13] Salubrinal is a selective inhibitor of eIF2α dephosphorylation that was recently developed as a protective agent against ERS-mediated apoptosis. [14] eIF2α must be dephosphory-http://www.jgc301.com; jgc@mail.sciencep.com | Journal of Geriatric Cardiology lated to enable the translation of new proteins. Salubrinal attenuates unfolded or misfolded protein synthesis by inhibiting eIF2α dephosphorylation, thus rescuing cells from apoptosis. In neurons, salubrinal can reduce the load of mutant or mislocated proteins retained in the ER under conditions associated with neurodegeneration. [15, 16] In rat kidneys, salubrinal has been used to reduce cyclosporine nephrotoxicity, which can induce ERS. [17] Thus, we hypothesized that salubrinal may be capable of protecting against TM-and hypoxia-mediated apoptosis in cardiomyocytes.
In this study, we investigated the protective effect of salubrinal on rat cardiomyocytes and the mechanism underlying this protection.
Methods

Cell culture and treatments
Primary cultures of neonatal rat cardiomyocytes were isolated from the ventricles of 1-day-old Wistar rats (Academy of Military Medical Sciences, China). All experimental protocols complied with the recommendations of the Institutional Animal Care and Use of Laboratory Animals of Chinese PLA General Hospital. The rats were euthanized and their hearts were excised. After scalpel homogenization, hearts were digested with 0.125% trypsin and 0.1% collagenase II (4: 1) at 37°C for 10 min, and the digestion was repeated 4−5 times. Isolated cells were collected by centrifugation and resuspended in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal bovine serum (FBS), 100 units/mL penicillin and 100 μg/mL streptomycin. Cultures were enriched with myocytes by pre-plating for 90 min to deplete the population of non-myocytes. Non-attached cells were plated onto plastic culture dishes at an appropriate cell density. The cells were cultured at 37°C in 95% air/5% CO 2 for 24 h, and half of the medium was then exchanged with DMEM containing 10% FBS and 0.1% BrdU. The culture medium was changed every 48 h. After 4 days, the culture medium was exchanged with fresh DMEM containing 1% FBS and the cells were cultured for 24 h. Subsequently, the cells were incubated in normal or a completely hypoxic (N 2 /CO 2 , 95%/5%) culture chamber. The cells were subjected to completely hypoxic conditions in the chamber at 37°C for 36 h, while the controls were left in normoxic conditions at 37°C for the same time periods. The medium was exchanged with fresh DMEM containing 1% FBS one hour before exposure to TM or hypoxia to obtain consistent ERS response data. All animal experiments were performed in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals. All reagents were from Gibco (Carlsbad, USA) unless otherwise stated.
Methylthiazoletetrazolium (MTT) assay
Cell viability was assessed by MTT (Amresco, USA) assay following treatment with TM or hypoxia. Briefly, purified neonatal rat cardiomyocytes were seeded in a 96-well plate at 10 4 cells per well and treated with different concentrations of salubrinal (Merck, Germany). Salubrinal was dissolved in dimethylsulfoxide (DMSO, Amresco, USA). Ten microliters of 5 mg/mL MTT were added to each well for 4 h, and the supernatants were then removed and replaced with 100 μL of DMSO. After oscillation for 10 min, the absorbance value (A) of each well was measured at 550 nm with a Universal Microplate Reader (Bio Tek Instruments, USA). The relative number of viable cells was determined by comparison to untreated cells, in which viability was assumed to be 100%.
Cell viability assay
The bioluminescence of adenosine triphosphate (ATP) was used as a marker of cell proliferation and viability. The amount of ATP present was estimated using the CellTiterGlo ® Luminescent Cell Viability Assay kit (Promega, USA) according to the manufacturer's protocol. Briefly, purified neonatal rat cardiomyocytes (10 4 cells/well) were seeded in a 96-well plate, treated with different concentrations of TM dissolved in DMSO, or incubated in a hypoxic culture chamber (N 2 /CO 2 , 95%/5%) for different times. Different concentrations of salubrinal (10, 20 or 40 μmol/L) were added to the cells 30 min before treatment with TM or incubation in the hypoxic culture chamber (N 2 /CO 2 , 95%/ 5%). We then added a volume of CellTiter-Glo ® Reagent equal to the volume of the cell culture medium present in each well. The contents were mixed for two minutes on an orbital shaker to induce cell lysis, and then incubated at room temperature for 10 min to stabilize the luminescent signal. The absorbance value of each well was measured on a Microplate Reader (Bio Tek Instruments, USA) at 562 nm. The relative number of viable cells was determined by comparison to untreated cells, in which viability was assumed to be 100%.
TUNEL staining
Purified neonatal rat cardiomyocytes were inoculated at a concentration of 10 6 cells/well in a 6-well coverslip slide and treated with different concentrations of salubrinal (10, 20 , 40 μmol/L) for 30 min before treatment with TM. The cells were then fixed in 4% paraformaldehyde for 15 min at room temperature. After fixation, cells were washed with phosphate buffered saline (PBS) and incubated in a 3% H 2 O 2 -methanol solution for 10 min at room temperature, and subsequently incubated with 0.1% Triton X-100 for two minutes at 4°C. Slides were rinsed twice with PBS, and the TUNEL (Roche, Switzerland) reaction mixture was then added. The slides were covered and incubated for 60 min at 37°C in a humidified chamber in the dark. Anti-fluorescein antibody was added, followed by incubation for 30 min at 37°C in a humidified chamber. The slides were rinsed three times with PBS, treated with DAB Novolink™ Polymer Detection System for 10 min at room temperature, and then stained with hematoxylin. The samples were analyzed by light microscopy.
Flow cytometry
An Annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit was purchased from KeyGEN Biotech (USA). 
Multiparameter apoptosis evaluation
Cellomics ® Multiparameter Apoptosis Kits were purchased from Thermo Scientific (USA). Purified neonatal rat cardiomyocytes were seeded at a concentration of 10 4 cells/well in a 96-well assay plate (a black plate with a clear bottom). Cells were treated with different concentrations of salubrinal (10, 20 or 40 μmol/L) 30 min before treatment with TM or incubation in a hypoxic culture chamber (N 2 /CO 2 , 95%/5%). Thirty minutes after the incubation was complete, MitoTracker/Hoechst Solution was added to the cells, and the cells were incubated for 30 min at 37°C. The fixation solution was added without removing the medium, and the cells were incubated in a fume hood at room temperature for 10 min. After rinsing with PBS, the cells were permeabilized with permeabilization buffer and incubated for 15 min. Cells were incubated with Alexa fluor 488 Phalloidin Solution for 30 min at room temperature in the dark. The solution was aspirated and the plate was washed three times with PBS, with the last wash being left in the wells. Nuclear fluorescence, actin cytoskeleton fluorescence and mitochondrial membrane potential were evaluated using an ArrayScan HSC Reader (General Electric Company, USA). [18] The ArrayScan HSC Reader platform was equipped with an inverted Nikon Eclipse TE2000-U microscope, a 100 W Xenon lamp, a 20 ELWD Plan Fluor objective 0.45 numerical aperture, and a 12-bit Photometrics CoolSNAP camera. Hoechst 33342 stained images were acquired using 350/40 nm excitation and 461/40 nm emission filters with a 100 ms exposure time. Alexa fluor 488 fluorescence images were acquired using 495/20 nm excitation and 519/50 nm emission filters with a 400-ms exposure time. MitoTracker Red stained images were acquired using 579/20 nm excitation and 599/50 nm emission filters with a 400 ms exposure time. The ArrayScan HSC Reader was set up to acquire five fields of view.
Western blot analysis
Purified neonatal rat cardiomyocytes were seeded at a concentration of 10 6 cells/well in a 6-well plate and treated with different concentrations of salubrinal (10, 20 or 40 μmol/L) 30 min before treatment with TM or incubation in a hypoxic culture chamber (N 2 /CO 2 , 95%/5%). Cells were lysed in whole cell lysis buffer [62.5 mmol/L Tris-HCl (pH 6.8 at 25°C], 2% w/v SDS (sodium dodecyl sulfate), 10% glycerol, 50 mmol/L DTT (dithiothreitol)), and the homogenates were heated at 100°C for 10 min, then centrifuged at 12,000 r/min for 10 min at 4°C. The supernatants were used as protein samples, and their concentrations were determined using the BCA (bicinchoninic acid) Protein Assay Kit (Pierce, USA). Cellular proteins were separated by electrophoresis on 10% SDS polyacrylamide gels and transferred to PVDF membranes. After blocking in 1 × PBS containing 0.1% Tween-20 and 5% w/v nonfat dry milk, the membranes were incubated with antibodies to caspase-12 and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (both from Santa Cruz Biotechnology, 1: 200, rat monoclonal), phospho-eIF2α, eIF2α and β-actin (all from Cell Signaling Technology, 1: 1000, rabbit polyclonal) with gentle agitation overnight at 4°C. Membranes were then incubated with the appropriate horseradish peroxidase conjugated secondary antibodies (Zhongshan Golden Bridge Biotechnology Company, China) at a 1: 5000 dilution and incubated for 1 h at room temperature. The signal was developed with a color developing agent and the film was then scanned on an Alpha Imager 5500 (Alpha Innotech, USA) imaging densitometer. The optical density was quantified using MultiAnalyst software.
Immunocytochemistry
Purified neonatal rat cardiomyocytes were seeded at a concentration of 10 4 cells/well in a 96-well assay plate (a black plate with a clear bottom). Cells were treated with different concentrations of salubrinal (10, 20 or 40 μmol/L) 30 min before treatment with TM or incubation in a hypoxic culture chamber (N 2 /CO 2 , 95%/5%). Cells were fixed in 4% http://www.jgc301.com; jgc@mail.sciencep.com | Journal of Geriatric Cardiology paraformaldehyde for 15 min at room temperature. After rinsing with PBS, cells were blocked in Blocking Buffer (1 × PBS containing 0.3% Triton X-100 and 5% normal serum from the same species as the secondary antibody) for one hour at room temperature. The blocking solution was removed and diluted CHOP primary antibody was added (Cell Signaling Technology, 1: 1600, mouse monoclonal) and incubated overnight at 4°C. The cells were then stained with Hoechst 33342 nuclear dye (3 μmol/L) and a fluorochrome-conjugated goat anti-mouse IgG secondary antibody (H&L) (DyLight™ 594; Thermo scientific, 1: 500), and incubated for one hour at room temperature in the dark. The secondary antibody was aspirated and the plate was washed three times with PBS, with the last wash being left in the wells. Hoechst and DyLight 594 were visualized using the ArrayScan HSC Reader (General Electric Company, USA). Hoechst dye was acquired using 350/40 nm excitation and 461/40 nm emission filters with a 100 ms exposure time. DyLight 594 fluorescence images were acquired using 535/20 nm excitation and 620/ 50 nm emission filters with a 400 ms exposure time. The ArrayScan HSC Reader was set up to acquire five fields of view.
Statistical analysis
Each experiment was performed on a minimum of three different cultures and was repeated at least three times; the ArrayScan immunocytochemistry results shown are from one experiment that is representative of the results from three replicate experiments, and the other results are the compiled data derived from at least three different experiments. Values are shown as the mean ± SD. Statistical analyses were performed using One-way ANOVA. P < 0.05 were considered significant. Figure 1A shows the cytotoxicity of salubrinal towards cultured rat neonatal cardiomyocytes. High concentrations of up to 100 μmol/L showed no toxicity against neonatal rat cardiomyocytes ( Figure 1A) . Figure 1B Figure 1B and 1C) . These results showed that salubrinal can protect rat cardiac muscle cells against TMand hypoxia-induced injury.
Results
Effect of salubrinal on TM-and hypoxia-induced injury in rat cardiomyocytes
Effect of salubrinal on TM-and hypoxia-induced apoptosis in rat cardiomyocytes
To determine whether salubrinal protected cardiomyocytes against injury via an anti-apoptotic mechanism, we investigated whether cardiomyocytes underwent apoptosis in response to TM treatment and hypoxia by TUNEL, flow cytometry and multiparameter apoptosis assays. We observed an increase in TUNEL-positive cells 36 h after exposure to 1 μg/mL TM (Figure 2A) . Administration of salubrinal (10, 20 Flow cytometry showed that compared with DMSO treatment, there was a significant increase in apoptosis 24 h after exposure to 1 μg/mL TM ( Figure 2C ). Administration of salubrinal (10, 20 or 40 μmol/L) significantly suppressed apoptosis, which was similar to the results of the TUNEL assay; 40 μmol/L salubrinal reduced the number of apoptotic cells by more than 10% compared with TM treatment alone ( Figure 2D) .
The multi-parameter apoptosis assay included the use of Hoechst dye, Alexa fluor 488-conjugated phalloidin and MitoTracker dye. The multiparameter apoptosis assay showed that compared with DMSO treatment, there was a significant increase in nuclear condensation, a decrease in the mitochondrial membrane potential and an increase in actin cytoskeleton fluorescence in cells 36 h after exposure to 1 μg/mL TM. Administration of salubrinal (10, 20 or 40 μmol/L) signifycantly suppressed these apoptotic changes. We observed that the condensation of nuclei lessened, the mitochondrial membrane potential increased and the actin cytoskeleton fluorescence decreased, which was similar to the results of the TUNEL and flow cytometry assays (Figure 3 ).
Effect of salubrinal on TM-and hypoxia-induced ERS signaling proteins and ERS-mediated apoptotic signals
Based on reports showing that TM and hypoxia are associated with the induction of ERS signaling, this study examined whether such an association exists and whether salubrinal plays a role in protecting cells from ERS. Phosphorylated eIF2α mediates a transient decrease in protein translation, and salubrinal selectively engages the translational control branch of the UPR by inducing eIF2α phosphorylation. In our previous study, we found that caspase-12 is most highly expressed four hours after hypoxia treatment. CHOP expression occurs downstream of caspase-12 and is most highly expressed eight hours after the induction of hypoxia.
We first assessed whether salubrinal could affect the phosphorylation of eIF2α, which has also been demonstrated to induce CHOP transcription. The levels of p-eIF2α in TM-treated and hypoxia-exposed cells were slightly increased. The p-eIF2α/eIF2α ratio was markedly higher in the presence of salubrinal ( Figure 4A, 5A) , suggesting that salubrinal regulates p-eIF2α processing, inhibits translation and protects cells from ERS.
In our study, we observed that CHOP was significantly up-regulated in TM-treated or hypoxia-exposed neonatal rat cardiomyocytes. Quantification revealed a notable increase in the protein levels of CHOP in TM-treated or hypoxia-exposed neonatal rat cardiomyocytes compared with control cells.
However, injection of salubrinal down-regulated CHOP protein levels compared with the TM-treated or hypoxia-exposed groups ( Figure 4C, 5C) .
Furthermore, Western Blotting showed that TM and hypoxia led to the activation of caspase-12, as demonstrated by an increase in the levels of cleaved caspase/procaspase-12. The activation of caspase-12 was largely restored by salubrinal. No difference in the activation of caspase-12 was observed between the control and the salubrinal only-treated groups of cultured neonatal rat cardiomyocytes ( Figure 4B , 5B). 
Discussion
The present study is the first to demonstrate that salubrinal protects cardiomyocytes against hypoxic injury and apoptosis.
We showed that administration of salubrinal protected cardiomyocytes from injury induced by TM and hypoxia, as demonstrated by increased cell viability and reduced apoptosis. Enhanced eIF2α phosphorylation was also observed Journal of Geriatric Cardiology | jgc@jgc301.com; http://www.jgc301.com in salubrinal-treated cells. These findings indicate that the protective effect of salubrinal on hypoxia-induced injury was mediated by the restoration of ER dysfunction.
The ER-dependent apoptotic pathway is one of the mechanisms by which hypoxic injury is induced in cardiomyocytes. [4] Salubrinal is a selective inhibitor of eukaryotic translation initiation factor 2α dephosphorylation. In the rat pheochromocytoma cell line PC-12, salubrinal in concentrations ranging from 10 μmol/L to 75 μmol/L protects cells against death induced by TM-mediated ERS. [15] Salubrinal has also been used to reduce nephrotoxicity induced by cyclosporinemediated ERS in rats. [18] Cardiomyocytes are considered to be physiologically different from pheochromocytoma and renal cells. We therefore hypothesized that salubrinal may protect cardiomyocytes from ERS-induced cell death. When TM and hypoxia were induced in cardiomyocytes [19] demonstrated that salubrinal could protect cardiomyocytes from βzeceptor stimulation-induced apoptosis. Here, we demonstrated that salubrinal could protect cardiomyocytes from ERS-mediated apoptosis induced by hypoxia. These results indicate that salubrinal significantly inhibits apoptosis in several cell types, including cardiomyocytes. ERS-specific apoptotic signaling is involved in hypoxic injury of cardiomyocytes. Of the apoptotic pathways, two are known to be ER-specific pathways. The first pathway involves transcriptional induction of the gene encoding CHOP. Overexpression of CHOP promotes apoptosis, while CHOP deficiency can protect cells from ERS-induced apoptosis, suggesting that CHOP is involved in the ERS-mediated cell death pathway. [20] The second pathway involves the activation of caspase-12, which is known to be an important regulator of ERS-induced apoptosis because caspase-12 deficient cells exhibit reduced sensitivity to apoptosis induced by the ERS agent tunicamycin. [21, 22] In the present study, induction of CHOP and cleavage of caspase 12 increased in cardiomyocytes after exposure to TM or hypoxia for eight hours ( Figure 1A, 1B and 3A) . However, pretreatment with salubrinal significantly attenuated ER-specific death pathways during TM and hypoxia. Moreover, pretreatment with salubrinal significantly decreased the rate of protein synthesis by maintaining eIF-2α phosphorylation. Given the present findings, we speculate that eIF2α phosphorylation plays an important role in mediating the cardioprotective effects against ER death pathways during TM-treatment and hypoxia. Therefore, the protective effects of salubrinal against injury caused by TM or hypoxia may be due to inhibition of ERS and the subsequent apoptotic signaling pathway. Recent studies by Scheuner et al. [23] suggest that a subtle increase in rate of protein synthesis via a reduction in eIF2α phosphorylation leads to cell failure and type 2 diabetes when an animal is exposed to ERS. Our results match well with this previous work, suggesting that salubrinal protects several cell types from apoptosis by attenuating ERS associated apoptosis via a decreased rate of protein synthesis.
In the present study, we speculate that salubrinal widely suppresses ERS-mediated apoptotic signaling caused by severe ER dysfunction. [24, 25] Such apoptotic signaling contributes to the pathogenesis of heart hypoxia, myocarditis, myocardial infarction and congestive heart failure. However, certain issues remain to be resolved. It is poorly understood for how long or at what levels sustained inactivation of the eIF2α phosphorylation would be beneficial, and the long-term effects of sustained eIF2α phosphorylation need to be further evaluated. In summary, the data presented here are of clinical significance because apoptosis is a common feature of heart hypoxia injury. Inhibition of apoptosis in myocytes with salubrinal suggests that the balance between phosphorylated and unphosphorylated eIF-2α may be necessary for myocyte survival. Targeting the ERS may provide a therapeutic approach for increasing the protection against heart hypoxia injury. We propose that the therapeutic potential of salubrinal may extend to other ERS-related cardiovascular diseases, but further studies are needed to confirm this.
